An innovative approach which can promote cognitive functions effectively and efficiently is an urgent need for healthy elderly and patients with cognitive impairment. In this study, we proposed a novel functional near-infrared spectroscopy (fNIRS)-based frontoparietal functional connectivity (FC) neurofeedback training paradigm related to working memory. Compared with conventional cognitive training studies, we chose the frontoparietal network, a key brain region for cognitive function modulation as neurofeedback, resulting in strong targeting effect. In the experiment, ten participants received three 20 min cognitive training sessions with fNIRS-based frontoparietal FC as neurofeedback, and the other ten participants served as the normal control (NC) group. Frontoparietal FC was significantly increased in the tested group (p = 0.005) and the cognitive functions (memory and attention) were significantly promoted compared to the NC group. Follow-up evaluations indicated that the training effect can last for over half a month. The proposed method shows great potential to be developed as a fast, effective and widespread training approach for cognitive functions enhancement and rehabilitation applications.
Introduction
Cognitive training has become an attracting approach to promote the cognitive functions for healthy people or patients with various neurodevelopmental and neurodegenerative diseases [1] [2] [3] [4] . However, conventional cognitive training is usually lengthy, taking several months. Benefit from its ability of modulating the targeted brain regions, neurofeedback techniques emerge and provide a novel way of promoting the effectiveness and applicability of cognitive training. Based on the real-time visualization of the neurophysiological status, neurofeedback techniques enable the participant to directly attempt to regulate his/her own brain activity. Furthermore, the participant may upregulate or downregulate the neural activation of targeted brain regions, and may further improve the outcome of cognitive training [5, 6] . Prior publication findings have indicated that providing individuals with real-time feedback of their own brain activities can help them learn how to control the activation of specific brain regions [2, [7] [8] [9] .
Currently, the primary neuroimaging modalities used to provide neurofeedback include electroencephalography (EEG), functional magnetic resonance imaging (fMRI) and functional near-infrared spectroscopy (fNIRS), etc. EEG has an inherently high-temporal resolution and a low cost. It can measure real-time brain activation information and has been used as the neurofeedback signal [10] . However, EEG is difficult to locate the specific brain regions during regulation owing to the relatively low-spatial resolution. In turn, fMRI is able to capture noninvasively the blood oxygen level-dependent (BOLD) signal changes in deep brain regions and provide near-real-time hemodynamic neurofeedback with high-spatial resolution over the whole brain. Due to this advantage, fMRI has been more and more utilized in the neurofeedback studies. For example, patients with Parkinson's disease and attention deficit hyperactivity disorder (ADHD) successfully learned how to increase the brain activities in their motor-related or attention-related cortices [11, 12] . Nevertheless, there is one major limitation. The fMRI measurement is expensive and associated with a stringent imaging environment that limits the designs of neurofeedback training experiments.
As a result, the fNIRS, a brain imaging modality that provides relatively good spatial resolution, low requirement for application environment and relatively low cost, has attracted attention [8, 9, [13] [14] [15] [16] . fNIRS is able to locate specific cortical regions and provide simultaneous BOLD signals over the whole brain cortex. Additionally, fNIRS is portable and facilitates the experimental design, and it is more convenient to be used to evaluate patients with motion instabilities (e.g., adults and children with ADHD) [14] compared to fMRI or EEG which are more sensitive to motion artifacts. Owing to its simplicity and low cost [15, 16] , fNIRS is fit for repetitive measurements and is thus a practical and convenient tool for neurofeedback applications in the practical clinical and rehabilitation environment. Previous studies have shown that fNIRS-based neurofeedback training was able to manipulate the activation of the lateral orbitofrontal cortex and prefrontal cortex in healthy participants [13, 17] , and the motor cortex in healthy participants and in patients after stroke [8, 9] .
Recently, connectivity neurofeedback is developing. It is well known that the brain functions of human beings are coherently controlled by multiple brain regions called brain networks [18] [19] [20] , and many cognitive functions as well as psychiatric [21] [22] [23] [24] and neurodegenerative [25, 26] diseases are closely related to brain networks. For example, memory is closely related to the frontoparietal and the default mode networks, while attention is related to the dorsal attention network [20, [27] [28] [29] . Fukuda et al. [30] and Yamashita et al. [5] revealed that fMRI-based connectivity neurofeedback training can induce the aimed directional changes in functional connectivity (FC) between the left primary motor cortex and the left lateral parietal cortex. Kim et al. also reported that the brain activity-plus-connectivity neurofeedback based on fMRI helped the heavy smokers to more effectively regulate their psychological functions [31] .
In the present study, we proposed a novel fNIRS-based frontoparietal FC neurofeedback training paradigm related to working memory (WM), and investigated whether the proposed paradigm can manipulate the frontoparietal FC and further effectively promote cognitive functions by using fNIRS signals. If the answer provided by this study is "yes", benefit from the advantages of fNIRS mentioned before, a low-cost, easy to use, potentially portable and robust to motion connectivity neurofeedback training strategy can probably be developed. In the proposed paradigm, a Sternberg working memory task [32] [33] [34] was executed at first and fNIRS signals of frontal and parietal regions were acquired simultaneously. After that, a score computed from the strength of frontoparietal FC measured by fNIRS was displayed as feedback. During the neurofeedback tasks, the participants were asked to make the score as high as possible.
In the paradigm, WM was adopted due to its critical involvement in the execution of cognitive tasks by the brain, and the frontoparietal FC was chosen as the modulation target in our neurofeedback strategy is due to its close relationship with WM. Previous studies have revealed that WM-related cognitive functions are closely related to the frontoparietal brain network [20, 27, [35] [36] [37] [38] [39] [40] . For example, patients with schizophrenia, Alzheimer's disease, or other related diseases encountered cognitive declines in attention and WM that were found to be closely related to the frontoparietal FC [27, 35, 36] .
In this study, 20 young, healthy participants were enrolled in the experiment in which ten participants received and the other ten participants did not receive frontoparietal FC as neurofeedback during three 20 min cognitive training sessions. Oxyhemoglobin (HbO) signals were recorded by an fNIRS device from the prefrontal and parietal cortices and used to calculate the frontoparietal FC. The primary behavioral outcome of the proposed cognitive training was evaluated based on behavioral testing. The results of our study showed that the proposed fNIRS-based connectivity neurofeedback training paradigm can significantly upregulate the frontoparietal FC and further promote related cognitive functions. This study for the first time validates the feasibility and effectiveness of fNIRS brain connectivity neurofeedback training to improve the cognitive functions. The results have important potential applications for cognitive enhancement in healthy people and cognitive improvement in patients.
Materials and methods

Participants
Twenty adults (all male, aged 23.5±1.3 years, from 22 to 26 years) participated in the experiment. The participants were randomly divided into two groups (10 participants in each group), namely, the tested group which received frontoparietal FC as neurofeedback during cognitive training, and the normal control (NC) group which did not receive neurofeedback during cognitive training. All participants were healthy adults with no known respiratory, cardiovascular, psychotic, or neural diseases, with normal or corrected normal vision, and were asked not to consume coffee or smoke cigarettes three hours before the experiment. Written informed consents were obtained from all participants before the experiment. A participation fee was afforded. This study was approved by the local Ethics Committee of Beihang University. The fNIRS signals were measured by the NirScan system (Huichuang, China) at the wavelengths of 740 nm and 850 nm at a sampling rate of 13 Hz. As shown in Fig. 1, 16 light sources and 16 detectors were distributed on the scalp (separating distance = 3 cm) on positions according to the international 10-20 system [41, 42] . In total, 42 fNIRS channels were used which covered the prefrontal (1-22 channels), parietal (23-40 channels), and temporal (41, 42 channels) cortices (see Fig. 1(a) ).
NIRS data acquisition
Experimental protocol
As shown in Fig. 2(a) , the experiment was composed of six training sessions, one baseline estimation session (referred to as Baseline), three fNIRS-based connectivity neurofeedback training sessions (referred to as CNF training, including three sessions referred to as T1, T2, and T3), and two follow-up evaluation training sessions (referred to as Evaluation, including two sessions referred to as WEEK1 and WEEK3). Baseline and CNF training was conducted within the first week, and WEEK1 and WEEK3 were conducted at one and three weeks after the CNF training, respectively. There were 25 trials (14-15 min) in each training session. After each training session, the participant received a 3 min resting-state fNIRS measurement during which the participant was asked to stay relaxed and to watch the center of the screen. During Baseline and Evaluation, all the participants received cognitive training without connectivity neurofeedback. During the CNF training, fNIRS-based connectivity neurofeedback was provided to the participants in the tested group in the form of a feedback score appearing on the screen. The feedback score represented the strength of the frontoparietal FC. The participants needed to try their best to increase the feedback score during the experiment, and they were informed before the experiment that their monetary reward was positively related to the feedback scores. The entire experimental protocol of the NC group was the same as that of the tested group with the exception that there was no connectivity neurofeedback during the CNF training.
The cognitive training paradigm was based on the verbal WM task (i.e., the Sternberg task). As shown in Fig. 2(b) , a trial of the verbal WM task is composed of three phases: a memory phase (2 s), a retention phase (10 s), and an inquiry phase (2 s). In the memory phase, six nonrepetitive letters appeared on the screen and the participant was asked to memorize them within 2 s. The letters then disappeared and the retention phase began. A "+" sign appeared in the center of the screen during which participant needed to keep the six nonrepetitive letters in memory for 10 s. The inquiry phase followed. A random letter appeared in the center of the screen and the participant was asked to a) judge whether this letter was within the six nonrepetitive letters in the memory phase, and b) choose "yes/no" ("y/n" on the keyboard in front of the participant) according to his/her judgment. For the participants in the tested group, the feedback score of the participants appeared on the screen within 2 s after the inquiry phase in each trial during the CNF training. A resting period of 20 s followed before the onset of the subsequent trial.
Online calculation of feedback score
The feedback score in each trial was calculated from the HbO signals measured from the prefrontal and parietal cortices during the memory and retention phases (time window: 0-12 s). Regarding the hemodynamic delay, we delayed the calculation window by 2 s, i.e., the time-shifted window was 2-14 s, which is consistent with previous neurofeedback studies [17, 41, 28] .
Specifically, in order to reduce the physiological noise caused by heart beating, respiration, and other physiological processes, the recorded HbO signals were bandpass filtered with cut-off frequencies of 0.01 and 0.2 Hz [43] . Region-averaged HbO signals corresponding to the prefrontal cortex ( , averaged HbO signal from channel 1 to 22) and parietal cortex ( , averaged HbO signal from channel 23 to 40) were then calculated, and the Pearson's correlation (r) between and was calculated as follows,
where K is the number of values in and , and are the k th values in and , and and are the mean values of and , respectively. To observe the changes of the frontoparietal FC, a Fisher r-z transform was performed on the calculated Pearson's correlation, and the z-value between and was calculated based on,
Using the z-value calculated above, the feedback score of the i th trial was calculated as,
( Herein, is the z-value of the frontoparietal FC in the i th trial, and and are respectively the mean and standard deviation of the z-values of the frontoparietal FC during Baseline. The purpose for the calculation of the feedback score was to provide the participant with the following information: the baseline performance corresponded to 50 scores, and a monetary reward was provided if the frontoparietal FC of the current trial was higher than the baseline level (i.e., when the feedback score exceeded 50). Scores which dropped below 0 or exceeded 100 were kept at 0 or 100, respectively. The online signal processing and all visual presentations in the experimental protocol were performed using MATLAB (R2016a, MathWorks, Natick, MA, USA), and the Psychtoolbox was used for visual presentations.
Behavioral testing
The effects of the proposed neurofeedback training on cognitive functions were evaluated by behavioral testing. The classical n-back testis designed to evaluate the changes in working memory [44, 45] . As a result, the n-back test was carried out in our experiment before and after the CNF training and after WEEK1 and WEEK3 (see Fig. 2(a) ). Given that the participants were healthy young adults, the 3-back test (n = 3) was used. The accuracy and reaction time of the participant in the 3-back test were used as the primary outcomes of behavioral testing.
Additionally, to investigate whether the proposed neurofeedback training affected other cognitive abilities beyond WM, the psychomotor vigilance test (PVT) and the color-word stroop test (CWST) were also conducted. PVT evaluates the ability of fixing the attention and CWST is a response inhibition test that evaluates the ability of the participant to inhibit inappropriate responses under certain conditions [5] . Similar to WM, the above two cognitive abilities are also modulated by the frontoparietal brain network. The reaction times of PVT and CWST were used to evaluate the possible migratory aptitude of the proposed neurofeedback training on other cognitive abilities. The experimental procedures of behavioral testing were as follows.
N-back test
During the test, a series of letters appeared on the screen in sequence. Each letter lasted 2 s and the interval between the appearances of two sequential letters was 1 s (a "+" sign appeared on the screen during this interval). From the instant the (n+1) th letter appeared and subsequently, the participant was asked to judge whether the current letter was the same as the forward n th letter which appeared on the screen. In the 3-back task, n = 3, and the participant began to judge from the instant the 4 th ((n+1) th ) letter appeared. Specifically, the participant assessed whether the 4 th letter was the same as the 1 st letter (4 -n = 1, where n = 3), and whether the 5 th letter was the same as the 2 nd letter (5 -n = 2, where n = 3), and so on. If two letters were the same, the participant pressed "1" on the keyboard; otherwise he/she pressed "2". Twenty five trials were executed, and the mean accuracy and mean reaction time were calculated as the outcomes of the n-back test.
PVT
When a trial started, there was a white "+" sign at the center of the black background. The participant was asked to keep watching the screen to wait for the stimulus. When the stimulus appeared, the white "+" sign suddenly changed to red, and the participant needed to press button "1" promptly. If the participant successfully pressed the button "1" within 3 s after the appearance of the stimulus, the red "+" sign changed to its original white color immediately after the action. Otherwise, the red "+" sign automatically changed to a white color after 3 s. In our experiment, each participant was asked to attend to 10 PVT trials, and the between-trial intervals ranged from 5 to 15 s. The time interval from the appearance of the stimulus to the instant the button "1" was pressed was the reaction time of each trial. The final PVT outcomes were the average values of the 10 trials.
CWST
One of the three words, namely, "Red", "Yellow", and "Green" appeared on the screen randomly and in sequence for 2 s. If the color of the word matched the meaning of the word (e.g., the color of the word "Red" was red), the participant pressed button "1", else (e.g., when the color of the word "Red" was green) he/she pressed button "2". In our experiment, each participant took part in 30 trials, and the averaged reaction time (the time from the appearance of the word to the instant the button being pressed) over 30 trials was used as the result of CWST.
Statistical analyses
Behavioral analysis
Paired-sample t-tests (one-tailed) were used to evaluate whether the behavioral performance (behavioral indices) of the tested group changed significantly after the CNF training, and how the effects were maintained after WEEK1 and WEEK3 compared with Baseline. Independent-sample t-tests (one-tailed) were adopted to evaluate whether there were significant intergroup (between the tested and NC groups) differences on the behavioral performance before and after the CNF training, and how these differences changed or remained after WEEK1 and WEEK3.
Neurofeedback analysis
To evaluate the modulation effect of the CNF training on the frontoparietal FC, paired-sample t-tests (one-tailed) were applied to evaluate whether the frontoparietal FC (z-value) of the tested group significantly changed in T3, WEEK1 and WEEK3 compared with Baseline. Independent-sample t-tests (one-tailed) were utilized to evaluate whether there were significant intergroup differences on the frontoparietal FC (z-value) measured during Baseline, T3, WEEK1 and WEEK3.
To further investigate the modulating effect of the CNF training on bilateral frontoparietal FCs, the changes of the left and right frontoparietal FCs were analyzed. Additionally, changes in the resting-state frontoparietal FC-that reflects more accurately the intrinsic changes of the cognitive ability-were analyzed using the same statistical methods as those applied on the task-state data mentioned above.
Additionally, to investigate whether the CNF training affected the FCs between the untargeted brain regions, HbO signals measured from the temporal cortex were analyzed. The changes of the intragroup (within the tested group) and intergroup bilateral frontotemporal and temporal-parietal FCs were calculated and analyzed using the same statistical methods adopted in the analysis of the frontoparietal FC mentioned above. In all statistical analyses, a p value less than 0.05 was considered as significant.
Results
Behavioral performance
For the participants in the tested group, the n-back accuracies (mean±SD) significantly increased from 65±11% to 81±10% (p = 0.00003), and the n-back reaction time (mean±SD) significantly decreased from 1.35±0.20 s to 1.14±0.18 s (p = 0.00001) from Baseline to post-CNF training. After WEEK1, the n-back accuracies decreased to 75±9% and the n-back reaction time increased to 1.23±0.19 s. Both values were significantly different from the values measured in Baseline (accuracy: p = 0.0001, reaction time: p = 0.0001). After WEEK3, both the n-back accuracies and reaction time showed no significant changes from the baseline level (accuracy: p = 0.07, reaction time: p = 0.23).
There were no significant differences between the tested and NC groups on either the nback accuracy (p = 0.15) or n-back reaction time (p = 0.49) before the CNF training. Fig. 3(a) and (b) show the relative post-CNF training changes with respect to Baseline (relative changes = post-training value-baseline value) for n-back accuracy and reaction time. After CNF training, the relative changes of n-back accuracy increased significantly (p = 0.0003), and those of the n-back reaction time decreased significantly (p = 0.0005) in the tested group compared to the NC group. After WEEK1, the intergroup differences became marginally significant for n-back accuracy (p = 0.06) and insignificant for n-back reaction time (p = 0.20). After WEEK3, there were no significant intergroup differences in the n-back testing results (n-back accuracy: p = 0.098, n-back reaction time: p = 0.41).
Within the tested group, the PVT reaction time decreased significantly (p = 0.0009) from 0.40±0.06 s to 0.38±0.05 s from Baseline to the post-CNF training level. This decrease became insignificant after WEEK1 (p = 0.07) and WEEK3 (p = 0.39). There was no significant intergroup difference (p = 0.33) on the PVT reaction time before the CNF training. After the CNF training, the PVT reaction time decreased at a significantly faster rate (p = 0.039) in the tested group compared to the NC group (see Fig. 3(c) ). The significance of these intergroup differences disappeared after WEEK1 (p = 0.16) and WEEK3 (p = 0.44). The CWST reaction time of the tested group did not change significantly from Baseline to the post-CNF training level. As shown in Fig. 3(d) , there were no significant differences between the tested and NC groups on the relative changes of CWST reaction time after CNF training. Fig. 4 shows the changes in z-value of frontoparietal FC in the tested and NC groups throughout the experiment. The frontoparietal FC (z-value) of the tested group increased significantly from 0.98±0.31 to 1.27±0.34 from Baseline to T3 (p = 0.005). The significance of such increase dropped on WEEK1 (p = 0.017), and disappeared on WEEK3 (p = 0.267). There was no significant intergroup difference on the frontoparietal FC (z-value) measured at Baseline (p = 0.13). On T3, the frontoparietal FC (z-value) in the tested group were significantly higher than those in the NC group (p = 0.015). The significance of these intergroup differences decreased (p = 0.039) on WEEK1 and disappeared (p = 0.474) on WEEK3.
Task-state frontoparietal FC
We compared separately the changes in the bilateral frontoparietal FCs (z-value). It was found that within the tested group, the left and right frontoparietal FCs (z-value) both significantly increased from Baseline to T3 and the increase was more significant on the left side (left: p = 0.002, right: p = 0.018). At Baseline, there were no significant intergroup differences on the z-values of bilateral frontoparietal FCs (left: p = 0.321, right: p = 0.438). On T3, the bilateral frontoparietal FCs (z-value) of the tested group were both significantly higher than those in the NC group. Furthermore, the significance of the intergroup differences was higher on the left side (left: p = 0.008, right: p = 0.011). As shown in Fig. 5 , the changes of the n-back accuracy and those of the frontoparietal FC (z-value) within the tested group before and after the CNF training are compared. As shown, the changing trends of these two variables are fairly consistent. 
Resting-state frontoparietal FC
The frontoparietal FC (z-value) at the resting-state within the tested group did not significantly increase after the CNF training. Fig. 6 shows the z-values of the bilateral frontoparietal FCs at the resting-state before and after the CNF training. It is found that the post-training resting-state z-values of the left frontoparietal FC were (marginally) significantly higher in the tested group compared to those of the NC group (p = 0.076). 
Temporal-lobe-related FCs
The regulation effect of CNF training on the frontoparietal FC may radiate to other related FCs through the brain networks. Therefore, HbO signals were recorded from the temporal cortex in all experimental sessions to investigate the possible diversion effect of the CNF training regulation on the bilateral frontotemporal and temporal-parietal FCs. Results showed that within the tested group, neither the frontotemporal nor the temporal-parietal FCs (zvalue) significantly changed, while the right temporal-parietal FC (z-value) were (marginally) significantly increased (p = 0.069) after the CNF training (on T3). Furthermore, there were no significant intergroup differences on either the frontotemporal or temporal-parietal FCs (zvalue) after the CNF training, while the right temporal-parietal FC (z-value) was (marginally) significantly higher (p = 0.091) in the tested group compared to the NC group during T3.
Discussion
In this study, we proposed a novel fNIRS-based frontoparietal FC neurofeedback training paradigm related to WM. We investigated whether the proposed method was able to effectively regulate the frontoparietal FC and promote the cognitive functions. Twenty healthy participants took part in the experiment. Ten participants received fNIRS-based connectivity neurofeedback in the cognitive training, while the other 10 participants did not. Results showed that the post-training frontoparietal FC was significantly upregulated and the related cognitive performance was significantly promoted with short training time in the case of the participants who received fNIRS-based connectivity neurofeedback. Moreover, there were significant post-training differences among participants who received/did not receive fNIRS-based connectivity neurofeedback not only regarding the frontoparietal FC but also cognitive performance. These results demonstrated that the proposed fNIRS-based connectivity neurofeedback training is a promising approach for the upregulation of the frontoparietal brain network of healthy people and for the improvement of their cognitive performance.
Comparison of the bilateral frontoparietal FCs showed that although both sides of the frontoparietal FC in the tested group were significantly increased after the CNF training, the increase on the left side was more than that on the right side. Several studies have reported significant bilateral neural activation in both prefrontal and parietal cortices during the encoding, maintenance, and retrieval of the WM information [46, 47] . A recent study conducted by Baker et al. further revealed that compared with the visuospatial WM tasks that relied mainly on the neural activation of right prefrontal cortex, the verbal WM tasks mainly activated the left prefrontal cortex [48] . In another early study, D'Esposito et al. analyzed the results from 20 working memory-related fMRI/positron emission tomography (PET) studies and found that spatial WM tasks (similar to those in Baker's study) exhibited greater activations in the right prefrontal cortex, while many nonspatial WM tasks (similar to those in this study) exhibited greater activation in the left prefrontal cortex [49] . Our results showed that the left frontoparietal FC was more enhanced by the proposed verbal WM task-relatedparadigm, and the outcomes were consistent with previous findings.
We were excited to observe that after the CNF training, the left frontoparietal FC at the resting-state was (marginally) significantly higher (p = 0.076) in the tested group than in the NC group. It was also observed in some previous studies that long-term cognitive training may have changed the resting-state brain networks. For example, it was reported that after a period of WM-task-based cognitive training, the resting-state frontoparietal FC of the participants was altered [50, 20] . Compared with the changes of task-state brain connectivity, the changes of the intrinsic resting-state brain connectivity would reflect more adequately the effectiveness of cognitive training in the improvement of cognitive functions. Our results suggested that the proposed fNIRS-based connectivity neurofeedback training may also change the resting-state frontoparietal brain network.
Simple cognitive training has been argued for the lack of an effective diversion effect from targeted to untargeted cognitive regions [3] . To investigate whether the proposed fNIRS-based connectivity neurofeedback training yielded a diversion effect, two other cognitive abilities regulated by the frontoparietal FC, i.e., the attention focusing ability and the inappropriate response inhabitation ability were tested before and after the CNF training. Results showed that the attention focusing ability (PVT reaction time) of the tested group was significantly improved after the CNF training. This suggested that the proposed paradigm yield a good diversion effect on the untargeted cognitive regions.
The prefrontal and parietal cortices are known to be related to many other functional regions in the brain. As a result, we inferred that many related regions and their FCs may also be affected by the proposed neurofeedback training. Previous studies have reported that besides the prefrontal and parietal cortices, the temporal cortex also played an important role in the regulation of the process of WM [51, 52] . Therefore, in our study, the changes of the frontotemporal and temporal-parietal FCs were analyzed before and after the CNF training. Results showed that there were no significant changes on the frontotemporal FC within the tested group after the CNF training. The right temporal-parietal FC exhibited an increasing trend and was (marginally) significantly (p = 0.069) increased post-CNF training. The reason for these results may be attributed to the relatively short duration (three 20 min training sessions) of the proposed CNF training which was not long enough to induce significant changes on the indirectly-regulating (untargeted) brain regions. Similar to our results, Fukuda et al. conducted an fMRI-based connectivity neurofeedback study and found that their neurofeedback training (4 days) resulted in significant changes in the FC between targeted regions but led to insignificant changes in the brain networks beyond the targeted regions [30] . To-this-date, it is still uncertain whether the connectivity neurofeedback training affects the FCs beyond the targeted regions. We consider that it does, and infer that the main reason why Fukuda's and our study did not observe significant and positive changes is likely attributed to the relatively short durations of training.
To investigate the retainability of the proposed paradigm, two follow-up evaluations, WEEK1 and WEEK3 were conducted on all participants at one and three weeks after the CNF training. Results showed that through only three 20 minutes fNIRS-based frontoparietal connectivity neurofeedback training sessions, the training effects can be maintained for over half a month. In the future, if the proposed paradigm is applied as routine training of cognitive enhancement, we optimistically believe that with the increase of training times (frequency), the training effect can be able to last for several months or even longer. This hypothesis would be studied in our proceeding research.
Conclusions
In this study, we proposed a novel WM task-related, fNIRS-based frontoparietal connectivity neurofeedback training paradigm, and verified its capacity in manipulating the frontoparietal FC and improving the cognitive abilities within limited training time. The results showed that the proposed method could effectively upregulate the frontoparietal brain network and promote memory cognitive abilities through only three 20-minutes training. The results further indicated that the regulation and promotion on cognitive performance induced by the proposed paradigm not only affect the targeted cognitive abilities but also exert diversion effects on other cognitive abilities such as attention. With further validations on different populations and brain networks, the proposed method is promising to be developed as a fast, effective and widely used training tool for cognitive enhancement and rehabilitation in the future. 
